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LONG-TERM ELECTROCHEMICAL OXIDATION STUDIES 
O F  MULTI-COMPONENT HYDROCARBON FUELS 

I 

James  F. Lennon, Eugene Luksha, and Eugene Y.  Weissman 

General Electr ic  Co. 
Direct Energy Conversion Operation 
West Lynn, Massachusetts 01905 

Intr oduc ti on 

F o r  the most par t ,  studies of the various aspects  of d i rec t  hydrocarbon 
oxidation a r e  based on shor t - te rm measurements .  
t e r m  anode performance with hydrocarbon fuels may  be different f rom what can 
be predicted from shor t - te rm polarization data. * 
dependent factors as  the accumulation of iner t  ad- layers  on the electrode sur face .  
A study of the long t e r m  effects that various "unreactive" additives (e. g. a r o -  
mat ics ,  olefins, naphthenes) m a y  have on the performance of fuel cel ls  operating 
on n-octane was made in o r d e r  t o  determine whether there  may be cumulative 
inhibition of the active s i t e s  on  the anode as a function of t ime by these additives. 

Other long-term effects of various additives in multi-component, octane- 
based fuels, a r e  changes in the charac te r i s t ics  of performance cycling, which is 
present  when hydrocarbons a r e  oxidized directly with phosphoric acid electrolytes.  

It is recognized that long- 

This is due to  such t ime-  

It is the purpose of this study to provide information and shed some light 
on these time-dependent aspects  of anode performance. 

Experimental  

The life testing installation has  been described ear l ie r  (1). The electrodes 
(both anode and cathode) were of the s a m e  types descr ibed elsewhere (2) (35 mgms 
Pt/cmZ, 85% Pt-15% TFE,  gold-coated T a  screen  for  anodes, P t  s c r e e n  for 
cathodes). 

The following experimental  procedure was used: After establishing the 
des i red  gas flow ra tes  (in general:  20 p .C fuel/min; corresponding to 10 stoichs 
of octane at  1 amp and 10 stoichs of oxygen supplied in  the a i r  s t r e a m  to the 
cathode) and isothermal  conditions (350°F), the open-circuit  potential was recorded,  
Thereaf ter ,  an initial polarization curve was taken. 

* Another important contribution to  such performance changes is a progress-  
ive s t ructural  deter iorat ion of the electrode; par t icular ly ,  where a n  
optimization of the electrode s t ruc ture  is pursued. 
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After these ini t ia l  data were obtained, the cel l  cur ren t  was maintained 
in general  a t  1. 5 a m p  (30 ASF),  by means of Electro-Products ,  Model EFB, 
D.C. power supply units.  
c u r r e n t  were continuously recorded with Varian two-channel s t r i p  c h a r t  
r e c o r d e r s .  
Marko bridge. 
res is tances  . 

The IR-included anode vs H,/Ht potential and cell  

LR-free potential data  were  a l so  obtained by means of a Kordesh- 
T h e s e  d a t a  were logged, together with cell  potentiqls and 

I 

4 The circulat ing electrolyte  concentration was maintained a t  95-98110 H 3 P 0  
by means of cont ro l led- ra te  addition of water to  the electrolyte sump. 

At the end of each tes t  (usually caused by excessive electrolyte leakage 
The cel l  was then dis-  

: 
through the anode) a f inal  polarization curve was taken. 
assembled and the anode was cleaned. 
by the B. E. T.  method. * 

If desired,  its surface a r e a  was measured 

r 
Whenever n e c e s s a r y ,  the polarization curve  data  points were  determined 

af ter  suitably pre-act ivat ing the anodes at  anode potentials of > 0. 90 v vs H /&, 
and subsequently waiting for  the output to  s tabi l ize  a t  what would have been the 
average anode potential  under cycling conditions for  a fixed cur ren t  density. This 
wait period was usually of the order  of th ree  to  four minutes.  
disturbances were avoided, without affecting the values to  be measu red .  

Internretation of the Tes t  Data 

2 ! 

In this way, cycling 
I 

\ 

A. Charac te r i s t ics  of Extended Pe r fo rmance  - vs  - Time  Data 
p 5 

As mentioned above, d i r e c t  hydrocarbon oxidation in  phosphoric 
acid is character ized by spontaneous performance cycling. 
of the present  work was to  quantitatively define differences in the behavior of 
octane and var ious octane-based binary and multi-component fuel mixtures ,  in  
t e r m s  of the frequency and/or the amplitdue of anode potential fluctuations at 
constant current .  
that in each c a s e  the  t i m e  required for  the onset  of cycling can be divided into 
four distinctly different periods.  
four  periods which can  be defined a s  follows: 

One of the objectives 

,, 

The interpretat ion of such differences can be  refined by noting 

F igure  1 is a graphical  representat ion of these 

r' 
I. The induction period - a shor t  interval  of t ime, normally one to  

two hours ,  during which there  is a l a r g e  i n c r e a s e  in anode potential, f rom its 
open-circuit  value. 

* 
p r i o r  to  assembly were  a l s o  made. 
e lectrodes,  has been descr ibed  ear l ie r .  

Whenever t i m e  per imit ted,  init ial  sur face  a r e a  measu remen t s  on anodes , 
The method i tself ,  as applied to  whole 

Technical S u m m a r y  Report  No. 7 ,  Hydrocarbon-Air Fuel Cells,  January f 

1965 - 30 June 1965; ARPA Order  No. 247, Contract Nos. DA-44-009-ENG-4909, 
DA-44-009-AMC-479(T), and DA-44-009-ENG-4853, p. 193 ff .  

&&No. 8 s a m e  contract  numbers.  
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11. The ripple period - follows the induction period and is of short  
duration: UP to two hours.  

(e. g. 10-20 mv). 

111. 

During this t ime interval,  the  anode potential s t a r t s  
'fluctuating a t  high frequencies (e. g. severa l  t imes a minute) and low amplitudes 

1 

t 

, 
The onset-of-cycling period - sometimes indistinguishable f rom 

the actual cycling mode of operation (IV, below). 

a r e  sometimes higher and sometimes lower than during the actual cycling operation 
that follows; the corresponding amplitudes a r e  always smal le r  (e. g. 20-8070 of 
actual cycling amplitudes). 

When it occurs ,  it lasts a few 
,hours ,  o r  less ,  and i s  character ized by performance cycling a t  frequencies that 

I 

Two methods of data interpretation were used: 

Use of available polarization curve data to define var ious performance 
i 

1) 
points (e. g. anode potential at given cur ren t  densit ies) at various chronological 

IV. The cycling period - character izes  the onset of steady-state anode 
operation. Here,  the performance fluctuations have been established to their  

\ full extent, according to the experimental  conditions and the species  being oxidized. 

The anode potential will change f rom its minimum to  its maximum 
I value according to  a set  pattern. 

1 performance cycling (see following section: Results and Discussion). 

This pattern can be used to define differences 
i n  the behavior of various fuels of in te res t  in  t e r m s  of frequency and amplitude of 
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* 
stages;  say,  at the beginning and a t  the end 
extent-of-degradation data.  

of a run. These a r e ,  essentially,  

2 )  Averaging of cycling data,  from recorder  t r a c e s ,  and graphical 
representat ion of the resul t ing changes of performance with t ime. ;These a r e  the 
typical life tes t  curves ,  suppiying information on the totai iife for a s e t  of pie- 
determined conditions, as well as the individual durations of the var ious periods 
of operation (induction, r ipple ,  etc. ). 

Results and Discussion 

A. n-Octane 

Seven anodes were  tes ted with pure n-octane in order  to establish 
a re l iable  f r a m e  of re ference  for  the r e s u l t s  obtained with various fuel mixtures. 
Table 1 l is ts  a var ie ty  of averaged performance data  for n-octane; the ranges of 
values f rom which the averages  were calculated a r e  given in parentheses.  
broad band in F igure  2 is a graphical  representat ion of the change in anode potenti 
with t ime for  s i x  of the seven  anodes, based on an averaging of the cycling perfor- 
mance a s  descr ibed in  the  experimental  section. 
represent  the range of anode performance for the  electrodes tested. 
b reak  in the curve after the init ial  s e v e r a l  hours  is an indication of the onset of 
steady -state operation (cycling). 

The 

The boundaries of the band 
The abrupt 

Table 2 s u m m a r i z e s  the cycling character is t ics  observed with n- 
The numbers  marked  in parentheses  in  the fourth column represent  the 

The range 
octane. 
t i m e  intervals  during which t h e  reported frequencies  were observed. 
of frequency values a r e  a r ranged  chronologically with the left-hand figures 
represent ing the beginning of the measu red  period and the right-hand figures. the 
end. Some res i s t ive  load operational data is also included for comparison purpos 

The relat ionship between c u r r e n t  density and t ime-to-cycle,  a t  

4 constant-current  conditions,  follows an exponential behavior previously described 
(2) with the log (t ime to cycle)  decreasing a s  the cur ren t  density increases .  

The frequency of cycling appears  to  indicate a t rend towards higher 
values a t  higher c u r r e n t  densi t ies  while the amplitude does not exhibit any signi- 
f icant trend. 
amplitude does not appear  to be different f rom that  at constant cur ren t  (common 
basis  of comparison: 30 ASF), although the c u r r e n t  v a r i e s  a s  well. The averaged 
anode potential is higher ,  though, indicating that simultaneous cur ren t  and voltage 

I t  is interest ing to  note that,  under res i s t ive  load conditions, the 

cycling might have a deleter ious effect on performance.  

valent to periods I t II t III, it is interest ing to  note that the ripple period (II) 

f 
n 

Regarding the t ime-to-cycle values (Column 3 in  Table 2 ) ,  equi- 
6 

* Note that the end-of-run data a r e  not to be confused with the previously 
mentioned “ las t - s tage“  data;  the end-of-run data a r e  obtained before the 
electrode degrades  to  a point where high ra tes  of electrolyte leakage can 
occur.  

[’ 

j, 
I 



Table  1 

A r c r a g e  Life T e s t  Data f o r  11-Octane Oxidation a t  350 F 
0 '  

( R a n g e s  of va lues  co r re spond ing  to  the a v e r a g e s  
a r e  marked  i n  p a r e n t h e s e s . )  

2 Elec t ro ly t e :  95-9870 H 3 P 0 4  Anode: 35 m g m s  P t / c m  
Li fe :  190 hour s  (150-405)  

C:tttsc o i  test t c rmina t ion :  

In i t ia l  ;,tiode r e s i s t ance :  6 m Q ( 0 . 0 0 4 - 0 . 0 0 8 )  

I ni t i ;i I I I7 - 1 nc lud e d  a node po te ii t i a 1 

E x c e s s i v e  anode leakage  

at  30 A S F :  0 . 4 3 6 ~  (0 .380-0 .470)  

Fin;t l  111-inclrided anode  poten t ia l  
a1 30  .ASF: 0.504 v (0 .455-0 .600)  

Kate o i  d c c a y  of potential:  approx .  0 .45  m v / h r  (0 .100-0 .870)  

1 t i i  t i a l  I K -  included po \ r e r  output 
a t  30 ASF: 12 .7  W S F  ( 1  1.4  

In i t ia l  IR-included p o w e r  output 
a t  60 A S F :  18 .4  W S F  ( 1 5 . 6  

F ina l  1!7- inclrtded power output 
a t  3 0  ASF:': 11 .2  W S F  (8 .7 -  

Fi 11al I R -  i nc 1 tided power output  
a t  60 ASF':': 1 3 . 3  W S F  (7 .8 -  

13 .5 )  

2 0 . 4 )  

1 . 4 )  

5. 6 )  

Thc 111 e-activation procedure  d e s c r i b e d  in  the E x p e r i m e n t a l  Sect'ion 
\Lab risecl p r i o i  t o  obtaining these  da ta .  

included therein was at t imes negligibly smal l ,  while a t  other t imes it contributed 
significant portions t o  the total reported t ime interval (e.g. 2 - 3  hours  a t  30  ASF). 
The onset -of-cycling period (III) was often indistinguishable f rom the actual 
cycling period (IV). 

B. Normal Octane with Single Additives 

A comparison of the life t e s t  summar ies  in Tables 1 and 3 indicates 
that there  a r e  no significant performance differences in  the cycling period for the 
octane t 1% aromatic and octane t 3 %  olefin data  as compared to pure octane. 
These s imilar i t ies  can be seen  m o r e  clear ly  in Figure 2 where the performance-  
t ime curves for the fuels containing olefins and aromatics  fall within the n-octane 
band. 
polarize more  extensively during a relatively shor t  initial t ime interval.  
af ter  this brief interval. the performance -time curve is situated within the upper 
portion of the n-octane band while the la t te r  has most  of i ts  data  c lustered in i ts  
lower portion. 

It can also be seen  that anodes operating on octane t 5% naphthene fuels 
Even 

The cycling charac te r i s t ics  of octane plus single additives a r e  
summarized in Table 4. 
oxidation, a r e  the increased cycle frequencies,  roughly 3 t imes higher,  f o r  the 
binary fuels.  

The only significant differences,  compared to pure octane 
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145 
i' 

3% L M e t h y l  
butene- 1 

Table 3 

Life Teat Data for the Oxidation of n-Octane with Single  Addit ives  1 
at 3500F in  ' a 95-98'2 P h  oophoric  Acid System 

151 

Olefins 

3% 2-Methyl 
butene- 1 

147 

149 

157 

146 3% Octene-2 I, 
Aromat ic s  . 

12 I .  2 .  4 
Trimethyl- 
benzene 

1% Toluene 

1% I .  2. 4 
Trimethyl -  
benzene 

143 

156 

5 2  Methyl- 
cyc lohexani  

5% Methyl- 
cyclohexani  

"-octane 

Naphthenem 

r i m e .  
nous. 

1 

79 

I 

382 

I 

215 

1 

55 

1 

387 

2 

235 

I 

33 

1 

194 

C . D . ,  
M F  

30 

60 
30 
60 

30 
60 
30 
60 

30 

60 
30 
60 

30 

60 
30 
60 

30 
60 
30 
60 

30 

60 
30 
60 

30 

60 
30 
60 

30 

60 
30 
60 

a 
P . D . .  
WSF 

14.4 

21.0 
12.9 
15.7 

13.8 
19.8 
12.9 
17.4 

12.6 

15.6 
11.1  
12.9 

12.6 

12.0 
9.3 
0.0 

11.4 
16.8 
9.1 

10.5 

13.2 

19.8 
11.7 
18.0 

12.5 

18.0 
9.0 
0 .0  

12.6 

18.6 
9.8 

12.0 - 

eo 

391 

215 

94 

387 

242 

I44 

195 

- 

* 
Anode 
Res.. 
ohms 

0.009 

.008 

.007 

.003 

.006 

.007 

.003 

.008 

- 

A d e l H z  Ref 
Potent ia l .  

volt. 

0.400 

0.480 
0.430 
0.505 

0.440 
0.510 
0.410 
0.490 

0.440 

0.460 
0.455 
0.540 

0.440 

0.610 
0.640 

0.455 
0.480 
0.500 
0.580 

0.395 

t1 .00  

0.440 
0.470 
0.490 

0.440 

0.500 
0.540 

t1.000 

0.465 

0.510 
0.555 
0.635 

' Data from polar izat ion curve . .  

Actual duration of teat  before e x c e s s i v e  snode  leakale required shut -down 
(I* 

of the c e l l .  
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C. Normal Octane with Several  Additives 

It has been shown (3) that  there  is no cumulative effect for  multiple 
additions of "unreactives" up to  a total of 11 mole 7 additives. I t  was shown, in 
fact ,  that the performance penalty roughly correeponded to  the "(worse offender. I '  

A summary  of the l ife-test  data for  fuels containing severa l  additives 
is given in Table 5. 
additives. 

The fuels a r e  l isted in order  of increasing concentration of 

Figure 3 represents  performance-time data for four ce l l s  operated 
on mixtures  of 50/50 normal  and iso-octane" containing 11 mole 70 additives (1% 
aromatic .  5% naphthene, 5% olefin). 
in anode potential to a value of about 0. 575 volt where the potential finally stabi-  
l izes.  Comparison of this curve with the  octane data given in Figure 2 indicates 
that the multi-component fuel data fit within the upper portion of the n-octane band. 
The approximately 40 m v  penalty over the performance of pure n-octane, based on 
the 5% naphthenes being the "worse offender" under these conditions is substantiated 
by these graphical representations.  This is due to the fact that mos t  of the n-octane 
r esults fall within the lower portion of the performance-time band while the multi- 
component data a r e  c lustered close to  the upper l imit .  

It is seen  that there  is f i r s t  a sharp  increase 

The situation appears  to become different for higher amounts of 
Two cells operating on 50/50 n t i-octane containing 26% additives additives. 

(1% aromatic ,  5 %  olefins, 5% cyclohexanes, 1 5 %  cyclopentanes) were  life tested.  
The variation of the anode potential with t ime is shown in Figure 4. When the data 
given in this f igure is compared with the octane data in Figure 1 i t  appears  that there  
is at least  a 40 mv anode potential increase  above the upper l imit  of the octane data 
band (i. e.  40 mv higher than what the "worse offender" would normally show). This 
performance difference could be due either t o  the presence of methylcyclopentane 
or  to  the high total  amount of additives. 
clarified in future work. 

It is expected that these aspects  will be 

The balance of Table 5 is a s u m m a r y  of the life tes t  data  where 
increasing amounts of the "unreactive" components were added to the fuel. 
data i e  shown diagramatically in Figure 4 and 5. Since these concentrations of 
"unreactives" were not studied on 8 shor t  t e r m  basis  the discussion of these resul ts  
will be defer red  until this data is on hand. However, it is evident that  sizeable 
performance penalties a r e  paid when the unreactive concentrations r e a c h  such high 
levels (greater  than 11.5). It can be seen  that when successive amounts of "un- 
reactive" compounds a r e  added the performance penalty increases  until the deviation 
from n-octane reaches about 180 mv** (-50% of the cel l  output IR included). 
performance drop occurs  within the first 25 hours  of operation, where effects of 
anode deterioration a r e  minimal. 

The 

This 

F igure  6 is a graphic representation of the 

* It has  been previously shown (3) that  there  a r e  no performance differences 
between anodes operating on n-OCt8ne and on n-octane + i-octane mixtures.  

Note that the detr imental  effect of k t e n e - 1 ,  a s  compared to octene-2 
par t icular ly  obvious with high amounts of additives (30 mole 7). 

** 

\ 
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Table 5 

Fu.l Time. C.0.: P.D.'  Lde? 
hour. ASP W S F  hours Potenaal. 

v o l t .  

J 1 %  Addillve 
(4  C.11.) 

5 Octane-2 
\ 1 Tolu.nc 

/ S  M.C.H. 

J6% Additire 
( 2  cell.) 

, 30% Additive 
( 2  cell.) 

30% Additive 
( I  cell) 

5 Toluene 
\ 5  Ocrcnc- I 

Addit iq 
(2  cell.) 

5 H.C.H. 
1 2 5  M.C.P. 

Addtlivc 
( I  ce l l )  

5 T'olucnc 

10 M.C.H. 
/ 3 0  M.C.P.  

\ 5  Oc1cne-2 

55% Mditi- 
( 2  cell.) 

10M.C.H.  
1 3 0  M.C.P.  

Additive 
I I c.111 

10 TOl"."* \ 5 octenc-2 

1 30 
60 

174 30 

60 

I 30 
60 

74 30 
60 

I 30 

60 

11.5 207 
15.3 

3.9 

0.0 

I 1 . b  75 
1 6 . 3  

0 .0  
0.0 

10.3 . 16) 

12.1 

0.474 
0.533 

0.750 

1.00, (anode polarized1 

0.477 
0.538 

1.00 t (anode polari*edl 
1.00 t (anode polartred) 

0.495 

0.560 

Anode 
Re.. . 
ohms 

0.007 

0.008 

0.010 

1 

38 

I 

I 0 3  

I 

187 

I 

110 

1 

95 

30  
60 
20 
30 

10 
60 30 

60 

30 
60 

30 10 

30 

60 
5 

10 

30 
60 

0 

6 . 3  
4 . 5  
4 . 0  
0.0 

7.6 
6.6 

0 .8  
0.0 

9.0  
10 .3  

3.2 
0 . 0  

7.7 

0.4 
1.25 

0 

7.8 
10.2 

0 . 0  

38 

103 

190 

110 

95 

0 . 6 4 0  
0.710 
0.680 
1.00 t 

0.628 
0.708 

0.900 
1.00 t (anode polari.ed) 

0.530 
0.620 

0.610 
1.00 t (anode polarrredl 

0.645 

0 .100 , 

0.77.0 
1.00 t 

0.585 
0.610 

1.00 1 (mode polarized) 

0.010 

0 .008  

0.000 

0.006 

0.006 

Actual duration of tee1 before erce..in anode l e a k q e  or  perlormancs below 
5 . 0  WST dic ta td  l es t  tcrmrrution. 

* e  
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\ 

dec rease  in cur ren t  density,  a t  a given polarization, with increasing amounts of 
the "unreactive" components. It should be noted that the cur ren t  densi t ies  are 
normalized in t e r m s  of r e a l  B. E. T. surface a r e a s  measured  on the pure electrodes.  
The spread  of the data i n c r e a s e s  at higher concentrations of "unreactives." 

The cycling charac te r i s t ics  of these multi-component fuels a r e  
The numbers in parentheses  have the s a m e  meaning a s  shown i n  Table 6. 

descr ibed for  Table 2 .  

These r e su l t s  w e r e  averaged for operation a t  30 ASF. The frequency 
and amplitude of cycling does not appear t o  exhibit any of t he  t rends  reported fo r  
n-octane and n-octane with single additive mixtures .  
ciable changes of the frequency of cycling with t ime. 

In fact, there  a r e  no appre-  

Conc lus ions 

Information regarding the influence that various hydrocarbon additives 
have on the shor t - te rm performance of an  octane anode, cannot necessar i ly  be 
applied towards predictions of long-term performance in  that any detr imental  
additive effects noticeable during a short  run m a y  become insignificant in the context 
of r e a l  fuel ce l l  operation, proceeding for extended per iods of t ime.  

However, while severa l  additives do not necessar i ly  have to affect 
performance on a cumulative detr imental  basis,  beyond a cer ta in  quantity l imit  
and for  extended durations of operation, the overal l  dec rease  i n  anode performance 
can be intolerably severe .  

The cycling charac te r i s t ics  associated with the process  of d i r ec t  
e lectrochemical  oxidation of hydrocarbons can  be descr ibed in te rms  of s e v e r a l  
distinct modes of performance fluctuation pr ior  to the establ ishment  of steady-state 
conditions. 

This descr ipt ive refinement can  be quite useful as a semi-quantitative 
tool for the definition of operational differences in the expected oxidation process ,  
as caused by a var ie ty  of additives to  a base fuel. 

Acknowledgement 

The authors  acknowledge the  financial support  of this work by U.S. 
Army Engineer Research  and Development Laborator ies ,  Ft. Belvoir,  Virginia. 

References 

1. Tec'hnical Summary  Report  No. 5, Hydrocarbon-Air Fuel  Cells,  January  1964- 
June 1864, ARPA Orde r  No. 247, Contract Nos. DA-44-009-ENG-009- 
ENG- 47 9(T). 

ibid. ,  Report No. 5, p. 4-145 

ibid. ,  Report NO. 9. p. 2-107 f f .  

'<> 

- a 2 *  
3.  



l n o m m o l n  
O ' . b m d - N  
r p 9 9 9 r - r -  

0 
. . . . . .  

0 
0 
r- 

0 0 
0 
m 
r- 
- - - 
m 
r- 
a 
m 
N m 
O' 
I - 

m 
d r- 

In 
d 

N 
d - 
I 

0 
N 
r- 

m 
d m 

0' 
4 

- 
0 
N 
W 

0 
N 

OI 
s 
0 m 
r- 
0 a 
m - 

0 
9 
r- 
0 
m 
Q m - 
I 

0 
N 
r- 
I 0 
0 
m 
0' 

a 
V 
I 
0 
m 

3: 
V 
I 
0 - 

- . . . .  N 
N N N N N  I 
, 1 1 1 4 9  
U a l 0 1 O U C  
C C C K C U  

u u u u u o  

m m m m m -  

2 ! : : 2 ! 2 ! z  
o o o o o o  



273 

~ - O C l A N f ( @ J O A S F @ l 5 O ' F  
95 -9PY. H 3 P 0 4 .  0 F U E L  . I O p L / M I N  

.-, C E L L  LT162-ANOOE-35134 - 3 5 Y G M S I C Y 2 P 1  - 

H 
RIPPLE CYCLING PERIOD 

d I I I I I I I I l l  
0 1  2 3  7 I I  I5 19 23 25  35 

T IME -HOURS 
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Figure 2 Change of Anode Potenrlal wi th  Time.  
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Figure  5 Change of Anode P o t e n t i a l  w i t h  Time ( U n s u p p o r t e d  Anode  
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